About 800,000 tones of wastes have been piled up or buried illegally at prefectural boundary area between Aomori and Iwate prefectures. Over 200 drums that contained organic solvent were buried and the solvent leaked from the drums resulting into the pollution of soils and groundwater. Dichloromethane (DCM) is one of pollutants and its concentration in groundwater was over 100 ppm. We have studied whether indigenous bacteria in the groundwater in the polluted site degraded DCM under aerobic conditions. Gas-tight vials with 10 ml of groundwater samples and 5 ml of headspace were shaken at 25°C. After 15 days of shaking, DCM concentration in a sample decreased from 108 ppm to 25 ppm. The bacteria population was subcultured using DCM as substrate without other organic matters. The bacteria population degraded DCM, and chloride concentration increased, indicating that DCM was degraded biologically. The effects of pH and TCE were investigated on the biodegradation of DCM. The experimental results indicated that bioremediation by indigenous bacteria is promising way to remedy DCM contaminated soil and groundwater at the illegal waste dump site.
Introduction
About 800,000 tones of wastes have been piled up or buried illegally at prefectural boundary area (about 27 ha) between Aomori prefecture and Iwate prefecture 1 . The location of the illegal waste bump site is shown in Figure 1 . Illegally dumped wastes have been removing by Iwate prefectural government. Over 200 drums that contained organic solvent were buried at a spot and the solvent leaked out from the drums resulting into the pollution of soil and groundwater. No. 1 monitoring well is located near the spot where the drums had been buried. The groundwater collected from No. 1 monitoring well contained dichloromethane (DCM) and trichloroethylene (TCE). Those concentrations were 170 ppm and 2.4 ppm in October, 2007. The maximum contaminate levels of DCM and TCE are 0.02 ppm and 0.03 ppm, respectively in Japan. Figure 2 shows the changes in the concentrations of DCM and TCE in groundwater samples collected at No. 1 monitoring well. The concentrations of DCM and TCE have not decreased so much for about 7 years. Although the pollution has not expanded outside the waste dump site, it is required to remedy polluted soil and groundwater as soon as possible. Because of its relatively low Henry's constant, DCM is difficult to be removed from contaminated water body by air stripping 2 . This provides an incentive for research on the bacterial degradation of DCM and its applications in remediation of contaminated soil and groundwater with DCM.
Two bacterial groups have been reported to degrade DCM. One is a methylotroph which uses the C1 compounds such as methanol and methylamine as a carbon source for their growth. These species have been isolated from groundwater, industrial wastes, and soils [3] [4] [5] [6] . The other group that consists of acetogenic bacteria degrades DCM to produce formic acid or acetic acid under anaerobic conditions [7] [8] . It is expected that these bacteria will be utilized to remedy DCM contaminated groundwater and soil.
In this study, we have investigated whether indigenous microorganisms in groundwater in the polluted area degrade DCM. DCM concentration in a groundwater sample decreased under aerobic conditions along with pH decrease and chloride ion release, suggesting that indigenous bacterial population could degrade DCM.
Materials and Methods
Samples of groundwater were collected from No. 1 and No. 2 monitoring well at the illegal dump site and named "No. 1 groundwater", "No. 2 groundwater", respectively. These groundwater samples were processed within 6 hours of collection. DCM and TCE were purchased from Kanto Kagaku Co. Ltd. All reagents used in this study were in analytical grade.
Mineral salt (MS) medium 5 was used in this study. The compositions in 1000 mL were as follows; (NH4)2SO4, 0.5 g; K2HPO4 0.5 g, Na 2 HPO 4 ·12H 2 O 0.5 g, NaH 2 PO 4 ·2H 2 O 0.5 g, MgSO4·7H2O 0.5 g, FeSO4·7H2O 0.001 g, CaCl2 0.001 g.
In order to cultivate DCM degrading bacteria, 9 ml of MS medium and 1 mL of the groundwater sample in which DCM concentration decreased were added a vial with the capacity of 15 ml. DCM was added to the medium at a final concentration of about 100 ppm. The vial was sealed with a rubber cap and shaken with a reciprocal shaker (100 rpm) at 25°C. After complete decomposition of DCM, subculture was carried out by using the mixture of 1 mL of the enrichment medium and 9 ml of MS medium spiked with DCM. The subculture has been repeated.
Experimental procedure was as follows; 10 ml of groundwater samples or the mixture of MS medium and the latest enrichment medium spiked with DCM was added into a vial with the capacity of 15 ml. Vials were sealed with a rubber cap and were shaken with the reciprocal shaker (100 rpm) at 25°C. After the equilibrium between the liquid phase and vapor phase was achieved, DCM concentration in the headspace was measured. This value was the initial concentration of DCM. The headspace samples were withdrawn at given period. 10 µml of headspace sample was injected Hitachi Science systems G-3900 GC equipped with a flame ionization detector (FID) and a capillary column (GL Sciences Inc., G-3900; 0.32 mm in diameter and 30 m in length) for the determination of DCM concentration. The chromatographic conditions included the injector port temperature 120°C; oven temperature 50°C; detector temperature 150°C. Chloride ion in the medium was analyzed by ion chromatography (Shimazu Co. Ltd. DD5A) according to needs. The pH was adjusted by sulfuric acid and potassium hydroxide. Each experiment was carried out at least in duplicate.
Results
In order to examine the degradation of DCM by indigenous microorganisms in the groundwater, experiments were carried out using No. 1 In order to confirm bacterial degradation of DCM, DCM was added to the vial containing the No. 1 groundwater sample in the experiment shown in Figure 3 after the incubation of 15 days with a microsyringe through the rubber cap. The degradation test was carried out (Run 1). After the decomposition of DCM, DCM was added to the vial repeatedly (Run 2, Run3). The results are presented in Figure 4 . For Run 1, DCM concentration decreased from 164.3 to 21.7 in 7 days. For Run 2, degradation rate of DCM increased in comparison with Run 1 and DCM was not detected in 2 days. For Run 3, DCM concentration decreased from 174.1 ppm to 66.7 ppm in 2 days, but further decrease in DCM concentration did not occur. The pH was 3.2 at the end of the experiment. Acidic condition could prevent bacteria from decomposing DCM.
In order to measure the change in pH with the decomposition of DCM, experiments were conducted by using several vials that contained MS medium inoculated with latest enriched medium. DCM concentration in the medium in each vial was about 100 ppm. DCM concentration and pH in the medium in each vial were measured one by one at the given period. The results are shown in Figure 5 . DCM concentration decreased from 99.0 ppm to undetectable level in 16 hours. The pH value decreased with decomposition of DCM from 6.5 to 4.0 in 10 hours, but the pH did not change hereafter. Chloride concentration in the medium in the first vial and the last vial was analyzed. Chloride concentration in the first and last vials was 1.4 ppm, 86.4 ppm respectively, indicating that DCM decomposed to give chloride ions.
Experiments were carried out by varying the initial pH value of the medium to be 3.0, 5.0, 7.0 and 9.0. The results are shown in Figure 6 . At the initial pH of 7.0, DCM concentration decreased from 96.5 ppm to undetected level in 2 days. At the initial pH lower or higher than 7.0, however, the bacterial ability of decomposing DCM diminished. At the initial pH of 5.0, DCM concentration decreased from 112.7 ppm to 39.4 ppm after 2 days of incubation. After then, the DCM decom- Figure 4 , the degradation reaction of DCM stopped at the middle experiment stage because pH decreased to 3.2. The final pH values at the end of the experiments were 9.0, 6.5, 3.5 and 2.8 in the descending order of initial pH. These results suggest that optimum pH range for biodegradation of DCM could be from 5 to lower than 9.0. The contaminated groundwater at illegal waste dump site contains TCE together with DCM. In order to investigate the effect of TCE on the biodegradation of DCM, experiments were conducted by varying the TCE concentration. The latest enrichment medium was added to each sample medium. Results are presented in Figure 7 . After the lag period of degradation of DCM, DCM was degraded completely in the medium containing TCE in 2 days and the degradation rate of DCM was almost the same as that in the medium without spiking TCE, indicating that TCE would not affect the bacterial degradation of DCM.
Discussion
Soil and groundwater are polluted with DCM and TCE in illegal waste dump site at IwateAomori prefectural boundary. Bioremediation is one of practicable method to remove VOCs from contaminated soils and groundwater. In order to examine the feasibility of bioremediation for those VOCs contaminated soil and groundwater, we have investigated whether indigenous microorganism in the soil and groundwater have ability of degrading DCM under aerobic conditions. DCM concentration in No. 1 groundwater sample decreased under aerobic conditions, suggesting that indigenous bacteria in the groundwater could be capable of degrading DCM. The bacteria population subcultured using DCM as substrate decomposed DCM. With decrease in DCM concentration, the chloride concentration in the medium increased indicating that DCM was degraded to give chloride ions. When DCM concentration decreased from 99.0 ppm to undetectable level, chloride concentration increased from 1.4 ppm to 86.4 ppm at the experiments shown in Figure 5 . Molar ratio of chloride released to degraded DCM was 2.0:1.0. As DCM has 2 chloride atoms in the molecule, decomposition of one molar of DCM gives 2 molar of Cl − . The amount of chloride ions measured was the same as theoretical calculated amount, indicating that complete decomposition of DCM occurred.
It has been reported 3,9 that pH decreased with bacterial degradation of DCM under aerobic conditions. In this study pH values also decrease along with degradation of DCM. Methylotrophic bacteria, which are typical DCM degrading bacteria, metabolize DCM to formaldehyde, formic acid and then carbon dioxide under aerobic conditions 10 . Formaldehyde decomposes chemically or biologically to give formic acid. Formic acid is much stronger than acetic acid 11 . The formation of formic acid could cause the pH to further decrease. At present the isolation and identification of DCM degrading bacteria are under the investigation. Formation of high H + and Cl − concentrations is a stress factor, which can be lethal for cells devoid of corresponding protection mechanisms 12 . Wu et al. 9 reported that DCM dehalogenase was unstable and pH below 6 would inhibit the activity. The biodegradation of DCM was prevented in the medium with pH values below 3.0 in this study.
DCM contaminated groundwater at illegal waste dump site contains several ppm of TCE. This study showed that TCE did not affect biodegradation of DCM by indigenous bacteria population subcultured using DCM as carbon source under aerobic condition. Bioremediation by indigenous bacteria is promising way to remedy DCM contaminated soil and groundwater at the illegal waste dump site.
Conclusions
At illegal waste dump site soil and groundwater are polluted by DCM and it is required to remedy the contaminated soil and groundwater as soon as possible. In this study, we have investigated whether indigenous microorganisms in groundwater in the polluted area degrade DCM. DCM concentration in a groundwater sample decreased under aerobic conditions along with pH decrease and chloride ion release, suggesting that indigenous bacterial population could degrade DCM.
